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ABSTRACT To augment the chemical potential of the
immunological repertoire, a metal ion-binding light chain has
been introduced into the murine genome. Mice containing the
transgene were subsequently immunized with a fluorescein
conjugate. The transgenic light chain was found at a high
frequency in the anti-fluorescein memory B-cell compartment.
This general method should be applicable to other cofactors
and small molecules and should lead to generation of antibodies
with unique catalytic activities.

The humoral immune response provides a mechanism for
evolving receptors specific either for stable molecules or for
highly energetic transition states. The latter antibodies have
been shown to act as selective chemical catalysts and share
many properties with enzymes (1). Moreover, catalytic an-
tibodies accelerate reactions by many of the same mecha-
nisms used by enzymes, including approximation of reac-
tants, general acid-base catalysis, and covalent catalysis (2).
However, in order to extend the chemical potential of the
immune system one would like to introduce into the immu-
nological repertoire catalytic functionality beyond the side
chains of the 20 natural amino acids.

In principle, catalytic cofactors can be introduced into an
antibody in a number of ways—as an element of the hapten
used in the immunization (3) or by directed mutagenesis of an
existing antibody to create a cofactor binding site (4). Perhaps
even more powerful is an in vivo approach that takes advan-
tage of the two-chain nature of the antibody molecule to
introduce the catalytic group and the mammalian immune
system to select high-affinity antibodies. For example, a
cofactor-binding light chain, introduced transgenically into
mice, should assemble with endogenous murine heavy chains
during the immune response to directly produce antibodies
with unique chemical activities. Previous experiments with
immunoglobulin light-chain transgenic mice have demon-
strated that the exogenous sequences can be expressed in the
B-cell compartment and that the transgene can dominate the
antibody repertoire due to inhibition of rearrangement of the
endogenous alleles (5-7). Importantly, the light-chain trans-
genes have also been shown to undergo somatic hypermu-
tation (8). Thus, the introduced metal-binding light chain
could shift the murine repertoire to contain predominantly
cofactor-binding specificities that could be selectively refined
by immunization. Herein, we report the introduction into the
murine genome of an immunoglobulin light-chain gene that
encodes a protein previously shown to bind the electrophilic
cofactors Zn(II) and Cu(II) when part of an antibody mole-
cule (4). Immunization studies showed that this light chain
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participates frequently in the immune response induced to a
small organic hapten.

MATERIALS AND METHODS

Construction of Transgene and Transgenic Mice. The plas-
mid pB-14 (5, 6) was obtained from U. Storb (University of
Chicago). To derive the plasmid used for microinjection,
pB-14 was cut with EcoRI (blunt)/Pvu I (blunt), and a 1.8-kb
fragment corresponding to the 5’ regulatory region and vari-
able domain was subcloned into pBS-SKII cut with Sac I
(blunt)/Hincll. A natural Sac I site within the subcloned x
sequences was removed by digestion with Sac I, blunt-
ending, and self-ligation. To insert the metal-binding light-
chain sequences, a Sac I site was then introduced into the
second exon of the MOPC21 «-chain gene by site-directed
mutagenesis with the oligonucleotide 5'-AGATTGGGT-
CATTACGGCCG TCGACGGATG AGCTCAATGT TC-
CCATCAGC-3', containing the restriction sites Eag I,
Hincll, and Sac I (boldface). The resulting plasmid was cut
with Sac I/Hincll and ligated with the metallo-light-chain
QM212 from a donor plasmid cleaved with Xba I (blunt)/Sac
I. The resulting plasmid was then cut with Eag I (blunt)/Xho
I and ligated with the 12-kb Pvu I (blunt)/Xho I fragment from
pB14 that contained the enhancer and terminator regions.
The final construct was cut with BssHI to remove the plasmid
sequences, and the 14.5-kb insert was purified for microin-
jection.

Transgenic mice were produced by standard techniques
using mice of the (C57BL/6 x BALB/c)F; genetic back-
ground. The presence of the transgene was initially verified
by Southern blotting using the QM212 insert as a probe and
thereafter by PCR analysis. The mice were maintained by
backcrossing to the BALB/c strain.

RNA Isolation and PCR Analysis. Flash-frozen tissue was
homogenized in 7.6 M guanidine hydrochloride/50 mM po-
tassium acetate and EtOH precipitated overnight at —20°C.
RNA was recovered by centrifugation, resuspended in gua-
nidine hydrochloride, and EtOH precipitated for 3 hr. RNA
was again recovered by centrifugation, resuspended in a
small volume of guanidine hydrochloride, extracted with
phenol/chloroform (1:1), and EtOH was added; RNA was
precipitated again, washed with 70% EtOH, resuspended in
10 mM EDTA, and stored at —70°C. A reverse transcriptase
kit (GIBCO/BRL) was used for cDNA production from the
purified RNA. PCRs were performed in an Ericomp (San
Diego) twin block cycler. Plasmid and genomic DNA were
amplified as follows: 94°C for 1 min 30 sec, 25 cycles of 94°C
for 30 sec, 60°C for 45 sec, 72°C for 45 sec, and 72°C for 45
sec. For cDNA, the annealing temperature was 66°C and the
extension time was 1 min 15 sec. The final extension time was

Abbreviation: FITC-BSA, fluorescein isothiocyanate conjugated to
bovine serum albumin.
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extended to 5 min at the same temperature. For transcrip-
tional analysis of transgenic mice, the oligonucleotides used
were 5'-ATGCATCAGACCAGCATGGGC-3' and 5'-
CACTCTGACCATCAGCAGTGTGCA-3'.

Immunization and Hybridoma Production. Mice were im-
munized with fluorescein isothiocyanate conjugated to bovine
serum albumin (FITC-BSA) in RIBI adjuvant system (RAS).
The mice initially received 150 ug of FITC-BSA subcutane-
ously. This dose was repeated after 3 weeks, followed in 2
weeks by injecting with 100 ug of FITC-BSA intraperitone-
ally. One month later, a final injection of 50 ug of FITC-BSA
was given, without adjuvant, by tail vein injection. On the 3rd
day after the final injection, spleen cells were used for fusion
to produce anti-fluorescein hybridomas by standard tech-
niques.

Isoelectric Focusing. Isoelectric focusing of the antibodies
was accomplished by using Novex (San Diego) isoelectric
focusing gels (pH 3-10) and the accompanying buffers.
Transblotting was done on a Millipore Immobilon-P poly(vi-
nylidene difluoride) transfer membrane. Ascites was diluted
to achieve a concentration of 10 ng/ul before reducing with
2-mercaptoethanol. Ten microliters of dilution combined
with 10 ul of Novex 2x sample buffer were incubated at room
temperature for 15 min. The samples were then loaded on the
gel and run in a Novex vertical electrophoresis apparatus at
2 W per gel for 2 hr. After the run, gels were soaked in
carbonate transfer buffer before transblotting for 1.6 hr at 150
mA. Blocking was accomplished with 10% nonfat dried milk
in 1X Tris-buffered saline (TBS)/0.05% Tween 20 overnight.
Alkaline phosphatase-conjugated mouse anti-x antibody
(Caltag, South San Francisco) was used at 1:1000 and color
development followed with the AP color development kit
(nitroblue tetrazolium and S-bromo-4-chloro-3-indolyl phos-
phate) (Bio-Rad). Washes between blocking and incubations
were done with 1xX TBS/0.05% Tween 20.

RESULTS

A three-histidine metal ion coordination site with specificity
for Cu(II) and Zn(II) had previously been introduced into the
light chain of the fluorescein-specific antibody 4-4-20 (4). To
express this metallo-light chain in vivo, the variable and
constant region coding sequences were embedded into the
second exon of the MOPC21 «-chain gene, since this gene had
been demonstrated to elicit allelic exclusion in transgenic
mice (5, 6). The resulting light-chain molecule contained the
MOPC21 leader peptide fused to our metallo-light chain
variable and constant region domains (Fig. 1). The DNA
construct was microinjected into fertilized zygotes. Twenty-
one founder generation progeny were screened for integra-
tion of the transgene by Southern hybridization of genomic
DNA and four lines of transgenic mice were identified. Three
of these lines were propagated for further analysis.

To determine whether the transgene was expressed in
lymphoid tissue, sets of PCR primers were designed that
distinguish between the transgene and endogenous light-
chain mRNAs (see Fig. 1). The primer specificities were
confirmed by PCR analysis of both the injected plasmid and
cDNA from nontransgenic mice. Since the transgene consists
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of metallo-light-chain sequences inserted into x-chain ge-
nomic sequences, the transgenic transcript should be =400
bp longer than the endogenous transcript. Amplification of
cDNA from two transgenic mice, 1853 and 1873, yielded an
850-bp fragment, while in nontransgenic mouse 1908 and
BALB/c mice a 400-bp fragment was observed (Fig. 2). The
size of the PCR product in the transgenic mice corresponds
to the predicted length of the transgenic transcript. PCR
analysis of genomic DNA from the same mice yielded a
fragment of =1150 bp. The increase in size of DNA as
compared with RNA (cDNA) corresponds to the length of the
first intron, indicating that the transgenic transcript was
correctly spliced. The structure of the transgenic transcript in
this region was confirmed with additional primer sets (data
not shown). Further studies demonstrated that all three
transgenic lines expressed the transgene, although the level
was somewhat higher in one line when assessed in compar-
ison with actin primer standards. We also studied nonlym-
phoid tissue for expression of the transgene and detected only
very faint bands on our PCR gels, which probably owe their
origin to the presence of blood lymphocytes in all tissues (Fig.
2). This provides evidence for tissue-specific expression of
our construct in the transgenic mice.

To determine whether the metallo-light chain could partic-
ipate in an antigen-driven immune response in vivo, immu-
nized mice were studied. Since the metallo-light chain was
derived from a single chain anti-fluorescein antibody (9), we
surmised that the chain might be used with reasonable fre-
quency to produce anti-fluorescein antibodies. The murine
anti-fluorescein response is known to exhibit significant affin-
ity maturation and is quite diverse in that there appears to be
no dominant idiotype (10). The participation of the transgene
in the anti-fluorescein response would require selection into
the memory B-cell compartment, resulting in incorporation of
the metallo-light chain into high-affinity antibody molecules.
Transgenic and nontransgenic mice from line 1465 were im-
munized with fluorescein. Both transgenic and nontransgenic
mice produced comparable high-titer anti-fluorescein re-
sponses. Six hybridoma lines that bound to fluorescein were
generated from the immunized transgenic mice (designated
H1-H6). To determine whether any of these hybridomas
expressed the transgene, RNA was extracted and cDNA was
prepared and analyzed by PCR methods as described above.
Of six hybridomas examined, two (H3 and H6) contained the
transgenic transcript (Fig. 2). The other four hybridomas also
contained the transgene genomic DNA but harbored no cor-
responding transcript. Due to the significant affinity matura-
tion observed in the anti-fluorescein response, we determined
whether the metal coordinating histidines were altered by
somatic mutation in our hybridomas. DNA sequence analysis
indicated that the x chains of the hybridomas retained the
metal-coordinating histidine residues.

Transgene RNA expression studies were confirmed by
analyzing the corresponding immunoglobulins. Western blot
analysis confirmed that both hybidomas contained x chains.
The supernatants from the hybridomas were reduced, sepa-
rated by one-dimensional isoelectric focusing, and blotted
with an anti-k-chain-specific antibody. Hybridomas H3 and
H6 demonstrated a unique band corresponding to an 8.6-9.3
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Fi1G.1. Schematic representation of the transgene. After site-directed mutagenesis of pB14, the QM212 coding sequences were inserted into
the second exon. Hatched boxes, x-chain gene exons from pB14; solid box, inserted QM212 sequences. Arrowheads indicate position of PCR

primers (ATG/Pvu) used in analysis of transgenic mice below.
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Fi1G. 2. Expression of transgene sequences in tissue and hybrid-
omas. Ethidium bromide-stained agarose gel of PCR. (4) (Left) PCR
analysis of tail genomic DNA with primers (ATG/Pvu) flanking the
inserted QM212 sequences (see Fig. 1). DNA from a nontransgenic
mouse (lane 1908) contains a single band, whereas DNA from
transgenic mice (lanes 1853 and 1873) contain a second band (arrow)
corresponding to the QM212-containing transgene. (Right) PCR
analysis of cDNA derived from blood RNA from nontransgenic
(lanes BALB and 1908) and transgenic (lanes 1853 and 1873) mice.
Equivalent bands are seen with primers for actin. As indicated from
the ATG/Pvu primers, all mice contain the band corresponding to the
spliced transcript from the endogenous «-chain gene, and the trans-
genic mice contain an additional band (arrow) corresponding to
spliced transcripts from the transgene. (B) PCR analysis of hybrid-
omas H1-H6 derived from spleen cells of FITC-BSA immunized
transgenic mice. cDNA prepared from RNA extracted from the
hybridomas or from the liver (L) and spleen (S) from transgenic
(lanes 2422) and nontransgenic (lanes 2424) mice were amplified with
the ATG/Pvu primers. Band corresponding to the transgene tran-
script (arrow) was seen in hybridomas H3 and H6 in addition to the
spleen of transgenic mouse 2422.

isoelectric focusing point that is quite near the 8.8 theoretical
pl of the transgenic « chain (Fig. 3). This result supports the
notion that the k-chain transcript is translated into the
metallo-light chain and that it is the only light chain present
in these hybridomas.

DISCUSSION

Our results demonstrate the power of transgenic technology
for in vivo generation of antibodies that contain cofactors for
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Fi1G.3. Western blot of isolectric focusing gel. Protein G purified
ascites from hybridomas H6, H5, H4, and H3 were reduced, sepa-
rated on an isoelectric focusing gel, blotted, and reacted with an
anti-x-chain antibody. Hybridomas H6 and H3 contain a unique band
corresponding to an isoelectic focusing point of pH 8.6-9.3.

catalysis. In essence, the chemical potential of the antibody
repertoire has been vastly increased. The transgenic light
chain was found at a high frequency in the anti-fluorescein
memory B-cell compartment. This general method could be
extended to other antigens and other light chains. For pro-
duction of catalytic antibodies to antigens with multiple
epitopes, such as viral antigens, our in vivo approach would
select for responsiveness to epitopes of highest accessibility
and immunogenicity and, thus, may be useful for deriving
therapeutic antibodies.

Although previous studies have shown that transgenic light
chains can participate in the humoral response to multiple
antigens (7), the response to some antigens may be dimin-
ished due to the elimination or inactivation of self-reactive B
cells (11-14). Several genetic approaches can be used to
broaden the available B-cell repertoire. For example, we
have introduced the transgene into Ipr mice, which produce
autoantibodies due to a defect in the Fas gene, which is
involved in programmed cell death (15, 16). Similarly, we
anticipate that the ectopic expression of the Bcl-2 gene,
which promotes B-cell survival (17-19), would increase the
available B-cell repertoire. Use of mice deficient in endoge-
nous k chains for transgenic experiments should eliminate
background and facilitate screening a greater number of
catalytic antibody molecules.

The ability to augment the murine immunological reper-
toire with cofactors or other small molecules significantly
expands the chemical capacity of the antibody molecule. This
general method can be extended to include other metal ion
coordination sites (20), other cofactors such as flavins (21),
and perhaps even cytotoxic or imaging agents. Finally, the
ability to recombine a given metallo-light chain in vitro with
alarge number of heavy chains using combinatorial strategies
should expand the potential of this approach even further
(22).

We thank Drs. Ehud Keinan, Wendy Havran, Sydney Brenner,
and Norton B. Gilula for comments on this manuscript. We also
thank Dr. Angray Kang for helpful discussion and Stephanie Kovacs
for technical assistance. N.S. was supported by a career develop-
ment award from the Juvenile Diabetes Foundation. This work was
supported by National Institutes of Health Grants HD29764 and
MH47680.

1. Lerner, R. A., Benkovic, S. J. & Schultz, P. G. (1991) Science
252, 659-667.

2. Jencks, W. P. (1969) Catalysis in Chemistry and Enzymology
(McGraw-Hill, New York).



10.
11.

12.

Chemistry: Sarvetnick et al.

Cochran, A. G. & Schultz, P. G. (1990)J. Am. Chem. Soc. 112,
9414-9417.

Iverson, B. L., Iverson, S. A., Roberts, V. A., Getzoff, E. D.,
Tainer, J. A., Benkovic, S. J. & Lerner, R. A. (1990) Science
249, 659-661.

Ritchie, K. A., Brinster, R. L. & Storb, U. (1984) Nature
(London) 312, 517-520.

Brinster, R. L., Ritchie, K. A., Hammer, R. E., O’Brien,
R. L., Arp, B. & Storb, U. (1983) Nature (London) 306,
332-336.

Carmack, C. E., Camper, S. A., Mackle, J. J., Gerhard, W. U.
& Weigert, M. G. (1991) J. Immunol. 147, 2024-2032.
O’Brien, R. L., Brinster, R. L. & Storb, U. (1987) Nature
(London) 326, 405-409.

Bird, R. E., Hardmann, K. D., Jacobson, J. W., Johnson, S.,
Kaufman, B. M., Lee, S. M., Lee, T., Pope, S. H., Riordan,
G. S. & Whitlow, M. (1988) Science 242, 423-426.

Reinitz, D. M. & Voss, E. W. (1985) J. Immunol. 135, 3365.
Hartely, S. B., Crosbie, J., Brink, R., Kantor, A. A., Basten,
A. & Goodnow, C. C. (1991) Nature (London) 353, 765-769.
Okamoto, M., Murakami, M., Shimizu, A., Ozadi, S., Tsubata,
T., Kumagai, S. & Honjo, T. (1992) J. Exp. Med. 175, T1-19.

13.
14.
15.
16.

17.
18.
19.

20.
21.
22.

Proc. Natl. Acad. Sci. USA 90 (1993) 4011

Brombacher, F., Kohler, G. & Eibel, H. (1991) J. Exp. Med.
174, 1335-1346.

Erikson, J., Radic, M. Z., Camper, S. A., Hardy, R. R., Car-
mack, C. & Wiegert, M. (1991) Nature (London) 349, 331-334.
Itoh, N., Yonehara, S., Ishii, A., Sameshima, M., Hase, A.,
Seto, Y. & Nagata, S. (1991) Cell 66, 233-243.
Watanabe-Fukunaga, R., Brannan, C. I., Copeland, N. G.,
Jenkins, N. A. & Nagada, S. (1992) Nature (London) 356,
314-317.

Vaux, D. L., Cory, S. & Adams, J. M. (1988) Nature (London)
335, 440-442.

McDonnell, T. J., Deane, N., Platt, F. M., Nunez, G., Jaeger,
U., McKearn, J. P. & Korsmeyer, S. J. (1989) Cell 57, 79-88.
Strasser, A., Whittingham, S., Vaux, D. L., Bath, M. L.,
Adams, J. M., Cory, S. & Harris, A. W. (1991) Proc. Natl.
Acad. Sci. USA 88, 8661-8665.

Wade, W. S., Koh, J. S., Han, N., Hoekstra, D. M. & Lerner,
R. A. (1993) J. Am. Chem. Soc., in press.

Shokat, K. M., Leumann, C. J., Sugasawara, R. & Schultz,
P. G. (1988) Angew. Chem. Int. Ed. Engl. 27, 1172-1175.
Barbas, C. L., Bain, J. D., Hoekstra, D. M. & Lerner, R. A.
(1992) Proc. Natl. Acad. Sci. USA 89, 4457-4461.



